AD/A-002  442 


PRESSURE -COMPENSATING  SYSTEMS  FOR 
UNDERWATER  GAS- FILL ED  ELECTRO- 
ACOUSTIC TRANSDUCERS 

G.  D.  Hugus,  III 

Naval  Research  Laboratory 


Prepared  for: 

Office  of  Naval  Research 


1 December  197  4 


DISTRIBUTED  BY: 


National  Technical  Information  Service 
U.  S.  DEPARTMENT  OF  COMMERCE 


EgJASSIEXEn 


SECURITY  CLABBtFICATIOM  Of  THIS  PAGE  <TBm»  D««  ftgwj 


REPORT  DOCUMENTATION  PAGE 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


L REFONT  NUMBER 


12.  GOVT  ACCESSION  MO. 


NRL  Memorandum  Report  29SS 


1.  RECIPIENT'S  CATALOG  MUMMER 


%.  TYRE  OF  REPORT  I 


s.  type  of  Report  a pemoo  covered 
Final  report  on  one  part 
of  the  problem. 


TITLE  f*m»  Subtill*; 

PRESSURE-COMPENSATING  SYSTEMS  FOR  UNDERWATER 
GAS- FILLED  ELECTROACOUSTIC  TRANSDUCERS 


s.  performing  org.  report  number 


t.  authonoj 


G.  D.  Hugus  III 


•.  contract  or  grant  number^*; 


»•  PERFORMING  ORGANIZATION  NAME  AMO  ADDRESS 

Naval  Research  Laboratory 
Underwater  Sound  Reference  Division 
P.0.  Box  8337,  Orlando.*  Fla.  32806 


w.  program  element,  project,  task 
area  a work  unit  numbers 


NRL  Problem  S02-31 

KF  11-121-403.-4472 


II.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Department  of  the  Navy 
Office  of  Naval  Research 
ten.  Va.  22217 


12.  report  date 

1 December  1974 


U M^NIT^INGAieNCV  NAME  A 'aDDRESSTH  tUHecmtl  Irou  Controlling  Ol/i c*> 


13.  NUMBER  OF  PAGES 

iii  + 8 


IE  SECURITY  CLASS,  (ol  HU*  nRri) 


TiT  declassification/ downgrading 

SCHEDULE 


IS.  DISTRIBUTION  STATEMENT  (ol  (hi*  Kawert) 


Approved  for  public  release;  distribution  unlimited 


IT.  DISTRIBUTION  STATENENT  (ol  <b*  obeuoct  «MiN  fw  Black  70,  II  <INnal  Bern  RaportJ 


IB.  supplementary  notes 


I*.  KEY  WORDS  (Continue  an  f*r*M  tide  II  asc •(•or  *M  IRMlNIp  Ajr  AlacA  MaNrJ 

Gas  filled  electroacoustic  transducers  USRD  type  Jll  projector 

Open-circuit  compensating  systems 
Pressure  compensating  systems 
Rubber  bladder  compensators 

USRD  type  J15-3  projector  

W.  ABSTRACT  fCMtlnu*  cm  rt*fr«c  If  mcm««7  mm4  l*—Mtr  .waBcrj 

Two  types  of  systems  have  been  developed  to  equalize  the  pressure 
on  opposite  sides  of  the  diaphragm  in  low-frequency  moving-coil  elect ro- 
. acoustic  transducers  at  depths  of  several  hundred  meters.  The  configu- 

t ration,  operation,  and  design  theory  of  these  systems  are  described. 

BBDroducod  by 

NATIONAL  TECHNICAL 
INFORMATION  SERVICE 

US  D*p*f*'"p"*  c*  CeP'N'erce 

Spppgf'B'd.  VA  22i5l  


UNCLASSIFIED 

SECURITY  CLASSIFICATION  OF  THIS  PAOE  fPA»i  PatTEuaraR) 


DO  I J An'Vi  14H  EDITION  OF  1 NOV  »B  IS  OBSOLETE 

S/N  6 101-014-4*01  | 


1 


Contents 


§ Introduction 

| System  Design  and  Configuration  

| Design  Theory  

f Systems  in  Operation  

I 

| Conclusion  

| References  

1 

Figures 

*. 

i 

1 . Schematic  of  closed-circuit  pressure- compensating  system 

* 

2.  Schematic  of  open-circuit  pressure-compensating  system  . 

; 3.  Closed-circuit  pressure-compensating  system  as  applied 

to  USRD  type  J15-3  transducer  

4.  Open-circuit  pressure-compensating  system  as  applied  to 

USFO  type  Jll  transducer  

5.  Relation  of  bladder-compensable  upward  heave  to 

maximum  working  depth  , .... 


iii 


PRESSURE-COMPENSATING  SYSTEMS 
FOR  UNDERMATER  GAS-FILLED  ELECTROACOUSTIC  TRANSDUCERS 
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Introduction 

The  trend  in  naval  underwater  sound  detection  systems  today  is 
toward  operation  in  the  low  audio  range  of  frequencies  (down  to  10  Hz) , 
where  sound  attenuation  in  sea  water  is  the  least.  Calibration  of  these 
systems  and  their  associated  hydrophones  dictates  the  need  for  low- 
frequency  sound  sources  that  operate  at  ocean  depths  of  several  hundred 
meters. 

Most  of  the  low-frequency  electroacoustic  transducers  that  the 
Underwater  Sound  Reference  Division  (USRD)  has  designed  for  use  at  sea 
are  of  the  moving-coil  type,  similar  to  the  air  loudspeaker  [l] . In- 
herent in  the  design  of  this  type  of  transducer  is  a vibrating  diaphragm 
supported  by  a low-stiffness  suspension  in  contact  with  the  water  at  its 
front  face  and  with  an  air  volume  at  its  rear  face. 

To  balance  the  force  due  to  the  hydrostatic  pressure  acting  on  the 
front  face  of  the  submerged  diaphragm,  the  air  pressure  acting  on  the 
rear  of  the  diaphragm  must  be  of  the  same  magnitude.  Two  types  of 
pressure-compensating  systems  have  been  developed  to  provide  this 
equalizing  pressure. 


System  Design  and  Configuration 

To  be  used  effectively  at  sea,  a gas  pressure-compensating  system 
must  (1)  maintain  zero  pressure  differential  between  the  front  and  back 
of  the  diaphragm,-  (2)  be  self-contained  and  self-regulating;  (3)  provide 
high  reliability;  (4)  have  sufficient  transient  response  to  sudden 
changes  in  depth  (hydrostatic  pressure);  (5)  consume  no  compensating  air 
or  at  least  a minimal  amount;  (6)  have  minimum  bulk;  and  (7)  have 
little  effect  on  the  transmitted  sound  pressure. 

The  two  types  of  pressure-compensating  systems  that  have  been  de- 
veloped and  tested  are:  a closed-circuit  system  and  an  open-circuit 

SCUBA-type  system.  The  closed-circuit  system  will  be  considered  first. 
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Figure  1 shows  the  physical  operation  of  this  system  schematically. 
As  the  operating  depth  of  the  transducer  increases,  water  flows  into  the 
limp  open-ended  rubber  compensating  bladder,  decreasing  the  volume  of 
air  in  the  bladder  housing,  thus  increasing  the  pressure  of  the  air 
behind  the  transducer  diaphragm.  This  system  will  operate  until  the 
bladder  is  completely  pressed  against  the  retaining  housing  by  the 
water,  decreasing  the  air  volume  of  the  bladder  housing  to  its  limit. 

The  compensating  bladder  must  be  at  the  same  liivel  as  the  transducer 
diaphragm  so  that  they  are  exposed  to  the  same  hydrostatic  pressure, 
otherwise  a pressure  balance  on  the  diaphragm  will  not  be  achieved.  The 
bladder  can  be  positioned  to  operate  above  or  below  the  diaphragm,  if  a 
positive  or  negative  bias  on  the  diaphragm  is  desired. 

The  closed-circuit  system  has  the  following  advantages  over  the 
open-circuit  systems  (1)  simplicity  and  therefore  higher  reliability, 
and  (2)  zero  consumption  of  compensating  gas,  allowing  continuous  opera- 
tion at  depth.  Its  main  disadvantage  is  the  large  volume  required  for 
the  compensating  bladder,  especially  for  operation  to  great  depths. 

Figure  2 is  a schematic  showing  the  open-circuit  system  in  which  a 
gas  pressure-regulating  system  has  been  added  to  the  closed-circuit 
system.  The  rubber  compensating  bladder  provides  the  gas  pressure 


l-'ig.  2.  Schematic  of  open-circuit  pressure- 
compensating  system. 
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equalization  to  the  transducer  diaphragm  for  small  changes  in  depth,  but 
for  large  increases  in  depth,  air  is  delivered  to  the  transducer  from 
the  high-pressure  air  tank  by  the  high-  and  low-pressure  regulators  at  a 
pressure  close  to  the  ambient  hydrostatic  pressure.  Large  decreases  in 
depth  cause  the  discharge  check  valve  to  bleed  excess  air  to  prevent 
pressure  build-up  in  the  transducer. 

The  open-circuit  system  has  the  advantages  of  (1)  small  system  size 
with  the  ability  to  provide  pressure-compensating  gas  to  greater  depths 
than  the  closed-circuit  system,  and  (2)  conservation  of  system  air 
supply  within  the  limits  of  the  ability  of  the  rubber  bladder  to  provide 
pressure  equalization  for  small  depth  changes.  Its  major  disadvantages 
are  complexity  and  the  need  to  recharge  the  air  tank  after  recovery  from 
its  operating  depth. 


Design  Theory 


The  pressure-density  relationship  of  the  air  in  the  closed-circuit 
compensating  system,  assuming  a perfect  gas,  is  p = pKT,  where  p is  the 
absolute  pressure,  p « m /V  is  the  density  at  any  water  depth,  m is  the 

total  mass  of  gas  in  the  transducer  and  compensating  bladder,  V is  the 
total  internal  air  volume,  including  the  transducer  and  compensating 
bladder  at  any  pressure,  R is  the  gas  constant  for  air,  and  t is  the 
absolute  air  temperature.  Then,  at  any  water  depth,  pt  - n^KT  = constant 

for  small  changes  in  absolute  tempera ture . From  this  equation. 


p V = 
m r 


*s(Vr  + V' 


(1) 


where  p^  is  the  absolute  pressure  at  maximum  operating  depth  of  the  com- 
pensating system,  is  the  residual  volume  of  the  system  with  the  com- 
pensating bladder  deflated,  p is  the  absolute  pressure  at  the  water  sur- 

s 

face,  and  is  the  maximum  internal  volume  of  the  comf ansating  bladder. 
Where 


p = (0.01)d  + 0.10, 

n in 

with  p in  megapascals,  the  maximum  operating  depth  d in  meters,  volumes 
id  m 

in  cubic  meters,  and  pg  = 0.1  MPa,  Eq.  (1)  gives 

d = <10.0)V  /V  . 
in  t>  r 

Thus,  d is  directly  proportional  to  the  size  of  the  compensating  bladder. 
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and,  for  a given  maximum  operating  depth,  the  compensating  bladder  volume 
needed  is  directly  proportional  to  the  internal  volume  of  the  trans- 
ducer. 

The  mum  operating  depth  also  can  be  calculated  for  the  open- 
circuit  pressure-compensating  system.  By  using  the  same  closed  system 
approach,  we  assume  that  the  depth  limit  is  set  by  the  maximum  amount  of 
gas  that  can  be  delivered  from  the  tank  by  the  pressure  regulators  to 
the  transducer.  Therefore, 


a = Ap  V /RT  = 4p  V /RT, 
g *g  g r r 


(2) 


where  is  the  total  mass  of  gas  delivered  from  the  high-pressure  tank 
to  the  transducer,  Ap^  is  the  pressure  drop  in  the  tank,  is  the  inter- 
nal volume  of  the  tank,  Ap^  is  the  change  in  compensating  pressure  in  the 
transducer,  and  is  the  residual  volume  of  the  transducer  as  before. 


AP- 


p - (p  + Ap  ) 
*gm  m gr 


where  p is  the  fully  charged  tank  gage  pressure,  p is  the  hydrostatic 

CpB  HI 

pressure  at  the  maximum  operating  depth,  and  APgr  is  the  pressure  drop 

due  to  the  pressure  regulators.  Also, 

Ap  = p = (O.Ol)d, 
r m m 

where  is  the  maximum  operating  depth  of  the  system  in  meters,  pressures 

are  in  megapascals,  and  volumes  are  in  cubic  meters.  Substitution  of 

p , p , and  p in  Eq.  (2) , gives 
91&  gr  n 

d = (100)V  (p_  - Ap  )/(V  + V ). 

ta  g rgm  gr  g r 

This  equation  shows  that  for  an  air  tank  whose  internal  volume  is  much 

larger  that  V^,  no  increase  in  operating  maximum  depth  can  be  achieved  by 

increasing  V . Also,  because  p usually  is  much  larger  than  p , d 
g gw  gr  w 

is  proportional  to  the  maximum  air  tank  pressure. 

The  closed-circuit  compensating  system  must  have  sufficient  response 
to  sudden  changes  in  depth.  To  determine  the  maximum  flow  rates  of  com- 
pensating air  required,  one  must  estimate  the  maximum  hydrostatic  pres- 
sure change  rate  to  which  the  system  will  be  exposed.  The  pressure 

• 

change  rate  is  a function  of  the  rate  of  depth  change  d : 

m 


d = 


*h  + dw' 


where  d^  is  the  vertical  velocity  conqx>nent  of  the  system  due  to  ship 
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heave  and  d is  the  vertical  velocity  component  due  to  winch  payout  or 
w 

retrieval,  all  in  meters  per  second.  Because 

= his, 

where  h is  the  amplitude  of  the  ship  heave  in  meters  and  u is  the  angular 
frequency  of  the  heaving  motion,  this  is  equivalent  to  the  rate  of  pres- 
sure change 

p = (0.01)d  = (0.01) (h«  + d ) MPa/s.  (3) 

8t  ® w 

The  required  mass  flow  rate  m of  compensating  air  to  achieve  an  equiva- 

ffl 

lent  rate  of  pressure  change  is  given,  for  a constant  absolute  temperature 
T.  by 


p V * m HT, 

a m 

where  V is  the  total  internal  air  volume  of  the  transducer  and  the  other 
symbols  are  as  before.  Then 


a = p V/RT.  (4) 

m m 

At  arvy  depth,  the  absolute  hydrostatic  pressure  is 

Ph  * (0.01) (d  + 1),  (5) 

where  d is  the  depth  ir.  meters.  This  mass  flow  rate  corresponds  to  a 
volume  flow  rate  of  const ant- temperature  compensating  air  of 

V = m RT/p.  a3/s.  (6) 

n b n 

Substituting  for  m and  p.  from  Eqs.  (4)  and  (5)  in  Eq.  (6)  produces 
is  h 

V = p V/[0.01(d  + 1)1. 

Hi  ZB 

Substituting  for  p from  Eq.  (3)  produces 

BA 

V = V (hu  + d )/{i  + 1)  . 

m w 

From  this  equation,  the  maximum  volume  flow  rate  of  compensating  air  for 
the  closed-circuit  system  occurs  at  the  surface  (d  = 0)  and  is 

V_  * V(hw  + d.) . 
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Fig.  3.  Closed-circuit  pressure- 
compensating  system  as  applied  to 
USRD  type  J15-3  transducer.  All 
dimensions  are  in  centimeters. 


Systems  in  Operation 

Figure  3 shows  a closed-circuit  compensating  system  as  applied  to  a 
USRD  type  J15-3  projector.  This  projector  consists  of  a cluster  of 
three  moving-coil  diaphragm  assemblies.  To  achieve  the  maximum  compen- 
sating bladder  volume  with  the  minimum  total  external  volume,  we  have 
used  four  compensating  bladders.  Three  open-ended  bladders  occupy  the 
internal  volume  of  the  diaphragm  assembly  housings.  Additional  volume 
is  provided  by  a large  toroidal  butyl  compensating  bladder  surrounding 
the  projector  cluster.  This  system  allows  the  projector  to  be  used  to  a 
depth  of  300  m. 

Figure  4 shows  an  open-circuit  compensating  system  used  with  a USRD 
type  Jll  projector  12).  An  external  3-liter  tank  supplies  air  through  a 
SCUBA-type  first-stage  regulator  to  a sensitive  diaphragm-actuated 
second-stage  regulator  within  the  transducer  housing  on  descent  to  the 
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Conclusion 

Two  types  of  systems  have  been  developed  for  compensating  pressure 
in  moving-coil  projectors  at  depths  of  several  hundred  meters.  These 
systems  are  self-contained,  self-regulating,  highly  reliable,  compact., 
and  consume  a minimal  amount  of  compensating  gas. 
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